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(54) Methods, systems, and robots for processing omni-directional image data

(57) Methods, systems, and robots for processing
omni-directional image data are disclosed. A method in-
cludes receiving omni-directional image data represent-
ative of a panoramic field of view and segmenting, by
one or more processors, the omni-directional image data
into a plurality of image slices. Each image slice of the
plurality of image slices is representative of at least a
portion of the panoramic field of view of the omni-direc-
tional image data. The method further includes calculat-
ing a slice descriptor for each image slice of the plurality
of image slices and generating a current sequence of
slice descriptors. The current sequence of slice descrip-
tors includes the calculated slice descriptor for each im-
age slice of the plurality of image slices.
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Description

TECHNICAL FIELD

[0001] The present disclosure generally relates to im-
age processing and, more particularly, methods, sys-
tems, and robots for processing omni-directional image
data.

BACKGROUND

[0002] Omni-directional image data may be acquired
from an omni-directional image capture device and uti-
lized for a number of purposes. For example, a robot or
mobile device may include an omni-directional image
capture device that utilizes captured omni-directional im-
age data to estimate a position or orientation of the robot
or mobile device. As the resolution of omni-directional
image data increases and the need to quickly process
omni-directional image data increases, it may be desir-
able to compactly and efficiently process omni-directin-
oal image data.
[0003] Accordingly, a need exists for methods, sys-
tems, and robots for processing omni-directional image
data.

SUMMARY

[0004] In one embodiment, a method for processing
omni-directional image data includes receiving omni-di-
rectional image data representative of a panoramic field
of view and segmenting, by one or more processors, the
omni-directional image data into a plurality of image slic-
es. Each image slice of the plurality of image slices is
representative of at least a portion of the panoramic field
of view of the omni-directional image data. The method
further includes calculating a slice descriptor for each
image slice of the plurality of image slices and generating
a current sequence of slice descriptors. The current se-
quence of slice descriptors includes the calculated slice
descriptor for each image slice of the plurality of image
slices.
[0005] In another embodiment, an omni-directional im-
age data processing system includes one or more proc-
essors, a non-transitory memory component communi-
catively coupled to the one or more processors, and ma-
chine readable instructions stored in the non-transitory
memory component. When executed by the one or more
processors, the machine readable instructions cause the
omni-directional image data processing system to re-
ceive omni-directional image data representative of a
panoramic field of view and segment the omni-directional
image data into a plurality of image slices. Each image
slice of the plurality of image slices is representative of
at least a portion of the panoramic field of view of the
omni-directional image data. When executed by the one
or more processors, the machine readable instructions
further cause the omni-directional image data processing

system to calculate a slice descriptor for each image slice
of the plurality of image slices and generate a current
sequence of slice descriptors. The current sequence of
slice descriptors includes the calculated slice descriptor
for each image slice of the plurality of image slices.
[0006] In yet another embodiment, a robot includes
one or more processors, one or more image capture de-
vices communicatively coupled to the one or more proc-
essors, a non-transitory memory component communi-
catively coupled to the one or more processors, and ma-
chine readable instructions stored in the non-transitory
memory component. When executed by the one or more
processors, the machine readable instructions cause the
robot to receive omni-directional image data from the one
or more image capture devices. The omni-directional im-
age data is representative of a panoramic field of view.
When executed by the one or more processors, the ma-
chine readable instructions further cause the robot to
segment the omni-directional image data into a plurality
of image slices. Each image slice of the plurality of image
slices is representative of at least a portion of the pano-
ramic field of view of the omni-directional image data.
When executed by the one or more processors, the ma-
chine readable instructions further cause the robot to cal-
culate a slice descriptor for each image slice of the plu-
rality of image slices and generate a current sequence
of slice descriptors. The current sequence of slice de-
scriptors includes the calculated slice descriptor for each
image slice of the plurality of image slices.
[0007] These and additional features provided by the
embodiments described herein will be more fully under-
stood in view of the following detailed description, in con-
junction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The embodiments set forth in the drawings are
illustrative and exemplary in nature and not intended to
limit the subject matter defined by the claims. The follow-
ing detailed description of the illustrative embodiments
can be understood when read in conjunction with the
following drawings, where like structure is indicated with
like reference numerals and in which:

FIG. 1 schematically depicts a robot including an om-
ni-directional image data processing system, ac-
cording to one or more embodiments described and
illustrated herein;

FIG. 2 schematically depicts a flowchart of a method
of processing an omni-directional image, according
to one or more embodiments described and illustrat-
ed herein;

FIG. 3 schematically depicts a flowchart of a method
of processing an unwarped omni-directional image,
according to one or more embodiments shown and
described herein; and
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FIG. 4 schematically depicts a flowchart of a method
of estimating a position or orientation based on a
comparison between a current sequence of slice de-
scriptors and a reference sequence of slice descrip-
tors, according to one or more embodiments de-
scribed and illustrated herein.

DETAILED DESCRIPTION

[0009] Embodiments of the present disclosure are di-
rected to methods, systems, and robots for processing
omni-directional image data. The embodiments de-
scribed herein may segment an omni-directional image
into a plurality of image slices, calculate a slice descriptor
for each slice, and generate a sequence of slice descrip-
tors to represent the omni-directional image data. Rep-
resenting an omni-directional image as a sequence of
slice descriptors may provide for scalable, compact, and
efficient representations of omni-directional image data.
Such scalable, compact, and efficient representations of
omni-directional image data may facilitate fast and effi-
cient estimation of position or orientation that only in-
volves comparing a current sequence of slice descriptors
with a reference sequence of slice descriptors. The em-
bodiments described herein may be employed by robots
or other devices that utilize omni-directional image cap-
ture devices for position estimation or orientation estima-
tion. For example, a robot operating within a space may
be equipped with one or more omni-directional image
capture devices to acquire omni-directional image data
of the environment in which the robot operates. Such a
robot may utilize the omni-directional image data to es-
timate a position or orientation of the robot within the
environment. The embodiments described herein may
improve the data storage and processing requirements
of such position estimation or orientation estimation. Var-
ious embodiments of methods, systems, and robots for
processing omni-directional image data are described in
detail below.
[0010] Referring initially to FIG. 1, a robot 101 including
an omni-directional image data processing system 100
is schematically depicted. In the embodiment depicted
in FIG. 1, the omni-directional image data processing
system 100 may be utilized to estimate a position or ori-
entation of the robot 101, as will be described below. As
an initial matter, it should be noted that while the omni-
directional image data processing system 100 is depicted
as coupled to the robot 101, in other embodiments, the
omni-directional image data processing system 100 may
not be coupled to a robot, such as in embodiments in
which the omni-directional image data processing sys-
tem 100 is embedded within a mobile device (e.g., smart-
phone, laptop computer, etc.) or exists in isolation.
[0011] The omni-directional image data processing
system 100 includes one or more processors 110, a data
storage device 112, a non-transitory memory component
114, optional input/output hardware 116, one or more
image capture devices 118, and an optional communi-

cations module 120. In some embodiments, the one or
more processors 110, the data storage device 112, and
the non-transitory memory component 114 may be pro-
vided in a single integrated circuit (e.g., a system on a
chip). In some embodiments, the one or more processors
110, the data storage device 112, and the non-transitory
memory component 114 may be provided as separate
integrated circuits.
[0012] Each of the one or more processors 110 is con-
figured to communicate with electrically coupled compo-
nents, and may be configured as any commercially avail-
able or customized processor suitable for the particular
applications that the omni-directional image data
processing system 100 is designed to operate. Each of
the one or more processors 110 may be any device ca-
pable of executing machine readable instructions. Ac-
cordingly, each of the one or more processors 110 may
be a controller, an integrated circuit, a microchip, a com-
puter, or any other computing device. The one or more
processors 110 are coupled to a communication path
130 that provides signal interconnectivity between vari-
ous modules of the omni-directional image data process-
ing system 100. The communication path 130 may com-
municatively couple any number of processors with one
another, and allow the modules coupled to the commu-
nication path 130 to operate in a distributed computing
environment. Specifically, each of the modules may op-
erate as a node that may send and/or receive data. As
used herein, the term "communicatively coupled" means
that coupled components are capable of exchanging data
signals with one another such as, for example, electrical
signals via conductive medium, electromagnetic signals
via air, optical signals via optical waveguides, and the
like.
[0013] Accordingly, the communication path 130 may
be formed from any medium that is capable of transmit-
ting a signal such as, for example, conductive wires, con-
ductive traces, optical waveguides, or the like. Moreover,
the communication path 130 may be formed from a com-
bination of mediums capable of transmitting signals. In
one embodiment, the communication path 130 compris-
es a combination of conductive traces, conductive wires,
connectors, and buses that cooperate to permit the trans-
mission of electrical data signals to components such as
processors, memories, sensors, input devices, output
devices, and communication devices. Additionally, it is
noted that the term "signal" means a waveform (e.g.,
electrical, optical, magnetic, mechanical or electromag-
netic), such as DC, AC, sinusoidal-wave, triangular-
wave, square-wave, vibration, and the like, capable of
traveling through a medium.
[0014] The non-transitory memory component 114
may be coupled to the communication path 130. The non-
transitory memory component 114 may include a volatile
and/or nonvolatile computer-readable storage medium,
such as RAM, ROM, flash memories, hard drives, or any
medium capable of storing machine readable instruc-
tions such that the machine readable instructions can be
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accessed by the one or more processors 110. The ma-
chine readable instructions may comprise logic or algo-
rithm(s) written in any programming language of any gen-
eration (e.g., 1GL, 2GL, 3GL, 4GL, or 5GL) such as, for
example, machine language that may be directly execut-
ed by the processor, or assembly language, object-ori-
ented programming (OOP), scripting languages, microc-
ode, etc., that may be compiled or assembled into ma-
chine readable instructions and stored on the non-tran-
sitory memory component 114. Alternatively, the ma-
chine readable instructions may be written in a hardware
description language (HDL), such as logic implemented
via either a field-programmable gate array (FPGA) con-
figuration or an application-specific integrated circuit
(ASIC), or their equivalents. Accordingly, the methods
described herein may be implemented in any conven-
tional computer programming language, as pre-pro-
grammed hardware elements, or as a combination of
hardware and software components.
[0015] The data storage device 112 may also be con-
figured as volatile and/or nonvolatile computer-readable
storage medium, and may be configured to store repre-
sentations of omni-directional images, as described
hereinbelow. In one embodiment, the data storage de-
vice 112 is a separate data storage component from the
non-transitory memory component 114. In another em-
bodiment, the data storage device 112 and the non-tran-
sitory memory component 114 are provided as a single
data storage component (i.e., the databases and set of
instructions are stored in a single data storage compo-
nent). In yet another embodiment, the data storage de-
vice 112 may be remote from the omni-directional image
data processing system 100, and remotely accessed via
the optional communications module 120.
[0016] The one or more image capture devices 118
may be coupled to the communication path 130. The one
or more image capture devices 118 may receive control
signals from the one or more processors 110 to acquire
omni-directional image data of a surrounding physical
environment, and to then send the acquired omni-direc-
tional image data to the one or more processors 110
and/or the data storage device 112 for storage and/or
processing. The one or more image capture devices 118
may be directly connected to the data storage device
112, or, in an alternative embodiment, include dedicated
memory devices (e.g., flash memory) that are accessible
to the one or more processors 110 for retrieval.
[0017] Each of the one or more image capture devices
118 may have any resolution and may be configured to
detect radiation in any desirable wavelength band, such
as an ultraviolet wavelength band, a near-ultraviolet
wavelength band, a visible light wavelength band, a near
infrared wavelength band, or an infrared wavelength
band. In some embodiments, at least one of the one or
more image capture devices 118 may be a standard def-
inition (e.g., 640 pixels x 480 pixels) camera. In some
embodiments, at least one of the one or more image cap-
ture devices 118 may be a high definition camera (e.g.,

1440 pixels x 1024 pixels or 1280 pixels x 1024). In some
embodiments, at least one of the one or more image cap-
ture devices 118 may have a resolution other than 640
pixels x 480 pixels, 1440 pixels x 1024 pixels, or 1280
pixels x 1024. The one or more image capture devices
118 may provide omni-directional image data in the form
of digital video and/or one or more digital photographs.
[0018] In some embodiments, the one or more image
capture devices 118 may include an omni-directional im-
aging system configured to capture a panoramic field of
view. In some embodiments, a "panoramic field of view"
may be a three hundred sixty degree field of view. In
some embodiments, a "panoramic field of view" may be
less than a three hundred sixty degree field of view, such
as a field of view that is greater than one hundred eighty
degrees and less than three hundred sixty degrees.
[0019] In some embodiments, the omni-directional im-
aging system includes a camera that rotates about an
axis of rotation, which is configured to capture a pano-
ramic field of view upon a full rotation about the axis of
rotation. In some embodiments, the omni-directional im-
aging system includes a camera with a fish-eye lens po-
sitioned in the optical path of the camera. In some em-
bodiments, the omni-directional imaging system includes
a plurality of partial field of view cameras, in which each
partial field of view camera is configured to capture less
than a panoramic view, but the plurality of partial field of
view cameras collectively capture the panoramic field of
view. In some embodiments, the omni-directional imag-
ing system includes a camera and one or more mirrors
positioned in the optical path of the camera (e.g., one or
more planar mirrors and/or one or more curved mirrors),
such that the camera images a panoramic field of view.
[0020] The optional communications module 120 may
be coupled to the communication path 130 and may be
configured as a wireless communications circuit such
that the omni-directional image data processing system
100 may communicate with external systems and devic-
es. The optional communications module 120 may be
configured to communicate over any type of wireless
communications protocol, such as, but not limited to, sat-
ellite communication, WiFi, WiMax, cellular (e.g., 3G, 4G,
LTE, etc.), and proprietary wireless communication pro-
tocol.
[0021] Referring now to FIG. 2, a flowchart of a method
200 of processing an omni-directional image is schemat-
ically depicted. In some embodiments, the method 200
may be implemented as logic within the machine reada-
ble instructions that, when executed by the one or more
processors 110, automatically process omni-directional
image data. It is noted that, while the method 200 depicts
a specific sequence, additional embodiments of the
present disclosure are not limited to any particular se-
quence.
[0022] Referring now to FIGS. 1-2, at block 202 the
omni-directional image data processing system 100 re-
ceives omni-directional image data representative of a
panoramic field of view. In some embodiments, the omni-
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directional image data processing system 100 operates
within a physical environment and is configured to ac-
quire omni-directional image data, and to then send the
acquired omni-directional image data of the physical en-
vironment to the one or more processors 110 and/or the
data storage device 112 for storage and/or processing.
In some embodiments, the omni-directional image data
processing system 100 may receive omni-directional im-
age data from a source external to the omni-directional
image data processing system 100, such as via commu-
nications module 120. The acquired omni-directional im-
age data may be in the form of digital video and/or one
or more digital photographs.
[0023] Still referring to FIGS. 1-2, at block 204, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, cause the omni-directional image
data processing system 100 to segment the omni-direc-
tional image data into a plurality of image slices. In the
embodiment depicted in FIG. 2, the received omni-direc-
tional image is segmented into eight slices (S1, S2, S3,
S4, S5, S6, S7, and S8). In some embodiments, the omni-
direction image may be segmented into any number of
slices. In some embodiments, the number of slices may
be between 8 and 36. However, it should be understood
that the number of slices may be less than 8 or greater
than 36.
[0024] Each of the plurality of slices is representative
of at least a portion of the panoramic field of view of the
omni-directional image data or the partially panoramic
field of view of the omni-directional image data. In some
embodiments, the plurality of image slices includes a
middle image slice (e.g., slice S2 in FIG. 2), a preceding
image slice (e.g., slice S1 in FIG. 2), and a subsequent
image slice (e.g., slice S3 in FIG. 2), such that a field of
view of the middle image slice (e.g., slice S2 in FIG. 2) is
adjacent to or overlaps a preceding field of view of the
preceding image slice (e.g., slice S1 in FIG. 2) and the
middle field of view of the middle image slice (e.g., slice
S2 in FIG. 2) is adjacent to or overlaps a subsequent view
of the subsequent image slice (e.g., slice S3 in FIG. 2).
[0025] In some embodiments, each image slice of the
plurality of image slices is representative of an equal por-
tion of the panoramic field of view of the omni-directional
image data and the collective fields of view of the plurality
of image slices is the same as the panoramic field of view
of the omni-directional image data. For example, in the
embodiment depicted in FIG. 2, each of the eight slices
captures an eighth of the full panoramic view of the omni-
directional image data and the collective field of view of
the eight image slices is the same as the panoramic field
of view of the omni-directional image data received at
block 202. In some embodiments, the field of view of a
first slice of the plurality of views may be greater than a
field of view of a second slice of the plurality of slices. In
some embodiments, the collective fields of view of the
plurality of slices may be smaller than the full panoramic
field of view. In some embodiments, the field of views of

neighboring slices may overlap.
[0026] Still referring to FIGS. 1-2, at block 206, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, cause the omni-directional image
data processing system 100 to calculate a slice descrip-
tor for each image slice of the plurality of image slices.
As used herein, "slice descriptor" refers to s description
of the visual features (e.g., color, texture, shape, motion,
etc.) of the image data of a particular slice of the omni-
directional image data. For example, in the embodiment
depicted in FIG. 2, a slice descriptor d1 is calculated for
slice S1, a slice descriptor d2 is calculated for slice S2, a
slice descriptor d3 is calculated for slice S3, a slice de-
scriptor d4 is calculated for slice S4, a slice descriptor d5
is calculated for slice S5, a slice descriptor d6 is calculated
for slice S6, a slice descriptor d7 is calculated for slice
S7, and a slice descriptor d8 is calculated for slice S8.
[0027] In some embodiments, the slice descriptor may
be calculated at block 206 using an algorithm, such as
scale-invariant feature transform ("SIFT"), speeded up
robust feature ("SURF"), histogram of oriented gradients
("HOG"), generalized search tree ("GIST"), fast retina
keypoint ("FREAK"), and binary robust invariant scalable
keypoints ("BRISK"), and the like. However, it should be
understood that other algorithms may be used to calcu-
late the slice descriptor. In some embodiments, the slice
descriptor may include a decimal vector. In some em-
bodiments, the slice descriptor may include a binary vec-
tor. In other embodiments, the slice descriptor may be
represented in a format other a binary vector or a decimal
vector. In some embodiments that include two image
capture devices 118, depth information resulting from the
application of stereo algorithms may also be used to cal-
culate the slice descriptor.
[0028] Still referring to FIGS. 1-2, at block 208, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, cause the omni-directional image
data processing system 100 to generate a current se-
quence of slice descriptors for the omni-directional image
data received at block 202. The current sequence of slice
descriptors includes the calculated slice descriptor for
each image slice of the plurality of image slices. For ex-
ample, in the embodiment depicted in FIG. 2, node n1
includes the slice descriptor d1 corresponding to slice S1,
node n2 includes the slice descriptor d2 corresponding
to slice S2, node n3 includes the slice descriptor d3 cor-
responding to slice S3, node n8 includes the slice descrip-
tor d8 corresponding to slice S8, etc.
[0029] In some embodiments, the current sequence of
slice descriptors may be structured such that a middle
node (e.g., node n2 of FIG. 2) corresponds to a middle
image slice (e.g., slice S2 of FIG. 2), a preceding node
(e.g., node n1 of FIG. 2) corresponds to a preceding im-
age slice (e.g., slice S1 of FIG. 2), and a subsequent node
(e.g., node n3 of FIG. 2) corresponds to a subsequent
image slice (e.g., slice S3 of FIG. 2). The preceding node
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(e.g., node n1 of FIG. 2) is linked to the middle node (e.g.,
node n2 of FIG. 2), and the middle node (e.g., node n2
of FIG. 2) is linked to the subsequent node (e.g., node
n3 of FIG. 2).
[0030] In some embodiments, the machine readable
instructions stored in the non-transitory memory compo-
nent 114, when executed by the one or more processors
110, cause the omni-directional image data processing
system 100 to store the current sequence of slice de-
scriptors in the data storage device 112. In some embod-
iments, the data storage device 112 may include a data-
base of reference sequences of slice descriptors, each
of which corresponds to a previously processed omni-
directional image encountered by the omni-directional
image data processing system 100.
[0031] In some embodiments, the current sequence of
slice descriptors may be stored in the data storage device
112 as a current linked list of slice descriptors. In embod-
iments in which the current sequence of slice descriptors
is stored in the data storage device 112 as a current linked
list of slice descriptors, each node of the linked list may
be linked to the subsequent node of the linked list (e.g.,
node n1 is linked to node n2, node n2 is linked to node
n3, etc.). In some embodiments, the current sequence of
slice descriptors may be stored in the data storage device
112 as a circular linked list of slice descriptors, such that
the first node is linked to the second node (e.g., node n1
is linked to node n2), the second node is linked to the
third node (e.g., node n2 is linked to node n3), ..., and the
last node is linked back to the first node (e.g., node n8 is
linked to node n1). In some embodiments, the current
sequence of slice descriptors may be stored in the data
storage device 112 as a current doubly linked list of slice
descriptors. It should be understood that in other embod-
iments, the current sequence of slice descriptors may be
stored in the data storage device 112 using a data struc-
ture other than a linked list, such as an array, and the like.
[0032] While the omni-directional image received at
block 202 was not unwarped prior to segmenting the om-
ni-directional image at block 204 in the embodiment de-
picted in FIG. 2, in other embodiments, the omni-direc-
tional image may be unwarped prior to segmentation,
such as in the embodiment depicted in FIG. 3.
[0033] Referring now to FIG. 3, a flowchart of a method
300 of unwarping and processing an omni-directional im-
age is schematically depicted. In some embodiments,
the method 300 may be implemented as logic within the
machine readable instructions that, when executed by
the one or more processors 110, automatically process
omni-directional image data. It is noted that, while the
method 300 depicts a specific sequence, additional em-
bodiments of the present disclosure are not limited to any
particular sequence.
[0034] Referring now to FIGS. 1 and 3, the omni-direc-
tional image is received at block 301, as described above
with reference to block 202. At block 302, the machine
readable instructions stored in the non-transitory mem-
ory component 114, when executed by the one or more

processors 110, cause the omni-directional image data
processing system 100 to unwarp the received omni-di-
rectional image data using any presently existing or to-
be-developed unwarping algorithms.
[0035] Still referring to FIGS. 1 and 3, at block 304, the
machine readable instructions stored in the non-transi-
tory memory component 114, when executed by the one
or more processors 110, cause the omni-directional im-
age data processing system 100 to segment the un-
warped omni-directional image data, as described above
with reference to block 204.
[0036] Still referring to FIGS. 1 and 3, at block 306, the
machine readable instructions stored in the non-transi-
tory memory component 114, when executed by the one
or more processors 110, cause the omni-directional im-
age data processing system 100 to calculate a slice de-
scriptor for each image slice of the plurality of image slic-
es, as described above with reference to block 206.
[0037] Still referring to FIGS. 1 and 3, at block 308, the
machine readable instructions stored in the non-transi-
tory memory component 114, when executed by the one
or more processors 110, cause the omni-directional im-
age data processing system 100 to generate a current
sequence of slice descriptors for the omni-directional im-
age data received at block 301.
[0038] In some embodiments, after the current se-
quence of slice descriptors is generated at block 208 or
block 308, the current sequence of slice descriptors may
be compared to a reference sequence of slice descriptors
stored in the data storage device 112 in order to estimate
a position or an orientation of the one or more image
capture devices 118, as illustrated in the flowchart of FIG.
4. In some embodiments, the one or more image capture
devices 118 may be affixed to an object (e.g., a robot, a
mobile device, a human, etc.), such that the current se-
quence of slice descriptors may be compared to a refer-
ence sequence of slice descriptors stored in the data
storage device 112 in order to estimate a position or an
orientation of the object to which the one or more image
capture devices 118 are attached.
[0039] Referring now to FIG. 4, at block 402, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, may cause the omni-directional
image data processing system 100 to access a reference
sequence of slice descriptors in the data storage device
112. For example, in the embodiment depicted in FIG.
4, the reference sequence of slice descriptors includes
a reference slice descriptor d3 corresponding to a refer-
ence node r1, a reference slice descriptor d4 correspond-
ing to a reference node r2, a reference slice descriptor
d5 corresponding to a reference node r3, a reference slice
descriptor d6 corresponding to a reference node r4, a
reference slice descriptor d7 corresponding to a refer-
ence node r5, a reference slice descriptor d8 correspond-
ing to a reference node r6, a reference slice descriptor
d1 corresponding to a reference node r7, a reference slice
descriptor d2 corresponding to a reference node r8.
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[0040] Still referring to FIG. 4, at block 404, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, may cause the omni-directional
image data processing system 100 to determine whether
the current sequence of slice descriptors matches the
reference sequence. In some embodiments, whether the
current sequence of slice descriptors matches the refer-
ence sequence of slice descriptors is determined by de-
termining a current order of slice descriptors, determining
a reference order of slice descriptors, and comparing the
current order of slice descriptors to the reference order
of slice descriptors. For example, a current order of slice
descriptors in the embodiment depicted in FIG. 4 may be
determined as {d1, d2, d3, d4, d5, d6, d7, d8}. A reference
order of slice descriptors in the embodiment depicted in
FIG. 4 may be determined as {d3, d4, d5, d6, d7, d8, d1,
d2}. The current order of slice descriptors {d1, d2, d3, d4,
d5, d6, d7, d8} may be compared to the reference order
of slice descriptors {d3, d4, d5, d6, d7, d8, d1, d2} in order
to determine whether the current order of slice descrip-
tors matches the reference order of slice descriptors.
[0041] In some embodiments, the current sequence of
slice descriptors is a current circular linked list of slice
descriptors and the reference sequence of slice descrip-
tors is a reference circular linked list of slice descriptors.
In such embodiments, the current order of slice descrip-
tors may be determined by traversing the current circular
linked list of slice descriptors starting at a current starting
node (e.g., the current order of slice descriptors may be
determined to be {d1, d2, d3, d4, d5, d6, d7, d8} by travers-
ing the current circular linked list starting from node n1 of
the current circular linked list of slice descriptors). The
reference order of slice descriptors may be determined
by traversing the reference circular linked list of slice de-
scriptors starting at a reference starting node (e.g., the
reference order of slice descriptors may also be deter-
mined to be {d1, d2, d3, d4, d5, d6, d7, d8} by traversing
the reference circular linked list starting from node r7 of
the reference circular linked list of slice descriptors). The
current sequence of slice descriptors matches the refer-
ence sequence of slice descriptors when the current or-
der of slice descriptors is the same as the reference order
of slice descriptors. In the embodiment depicted in FIG.
4, the current sequence of slice descriptors may be de-
termined to match the reference sequence of slice de-
scriptors because the reference order of slice descriptors
when traversing the reference circular linked list of slice
descriptors starting from node r7 is the same as the cur-
rent order of slice descriptors when traversing the current
circular linked list of slice descriptors starting from node
n1.
[0042] Still referring to FIG. 4, at block 406, the ma-
chine readable instructions stored in the non-transitory
memory component 114, when executed by the one or
more processors 110, may cause the omni-directional
image data processing system 100 to estimate an orien-
tation or position based on the current sequence of slice

descriptors and the reference sequence of slice descrip-
tors. For example, differences between the current se-
quence of slice descriptors and the reference sequence
of slice descriptors may be used to determine a current
position or orientation with reference to a known position
or orientation associated with the reference sequence of
slice descriptors. In some embodiments, standard filter-
ing techniques, such as the extended Kalman filter, the
particle filter, and the like may be used to determine the
current position or orientation based on the comparison
between the current sequence of slice descriptors and
the reference sequence of slice descriptors.
[0043] It should now be understood that segmenting
an omni-directional image into a plurality of image slices,
calculating a slice descriptor for each slice, and gener-
ating a sequence of slice descriptors to represent the
omni-directional image data, as described herein, may
provide for scalable, compact, and efficient representa-
tions of omni-directional image data. Such scalable, com-
pact, and efficient representations of omni-directional im-
age data may facilitate fast and efficient estimation of
position or orientation that only involves comparing a cur-
rent sequence of slice descriptors with a current se-
quence of slice descriptors. Such scalable, compact, and
efficient representations of omni-directional image data
may facilitate fast and efficient estimation of the current
position or orientation of robots or other devices that in-
clude omni-directional image capture devices. Accord-
ingly, the embodiments described herein may reduce
processing and data storage requirements. The scalable,
compact, and efficient representations of omni-direction-
al image data may be useful in real-time omni-directional
image processing systems that process large amounts
of data, such as in real-time high-definition omni-direc-
tional image processing systems.
[0044] While particular embodiments have been illus-
trated and described herein, it should be understood that
various other changes and modifications may be made
without departing from the spirit and scope of the claimed
subject matter. Moreover, although various aspects of
the claimed subject matter have been described herein,
such aspects need not be utilized in combination. It is
therefore intended that the appended claims cover all
such changes and modifications that are within the scope
of the claimed subject matter.
Methods, systems, and robots for processing omni-di-
rectional image data are disclosed. A method includes
receiving omni-directional image data representative of
a panoramic field of view and segmenting, by one or more
processors, the omni-directional image data into a plu-
rality of image slices. Each image slice of the plurality of
image slices is representative of at least a portion of the
panoramic field of view of the omni-directional image da-
ta. The method further includes calculating a slice de-
scriptor for each image slice of the plurality of image slic-
es and generating a current sequence of slice descrip-
tors. The current sequence of slice descriptors includes
the calculated slice descriptor for each image slice of the

11 12 



EP 2 741 255 A2

8

5

10

15

20

25

30

35

40

45

50

55

plurality of image slices.

Claims

1. A method for processing omni-directional image da-
ta comprising:

receiving omni-directional image data, wherein
the omni-directional image data is representa-
tive of a panoramic field of view;
segmenting, by one or more processors, the om-
ni-directional image data into a plurality of image
slices, wherein each image slice of the plurality
of image slices is representative of at least a
portion of the panoramic field of view of the omni-
directional image data;
calculating a slice descriptor for each image
slice of the plurality of image slices; and
generating a current sequence of slice descrip-
tors, wherein the current sequence of slice de-
scriptors includes the calculated slice descriptor
for each image slice of the plurality of image slic-
es.

2. The method of claim 1, further comprising storing
the generated current sequence in a data storage
device.

3. The method of claim 1, further comprising:

accessing a reference sequence of slice de-
scriptors in a data storage device; and
determining whether the current sequence of
slice descriptors matches the reference se-
quence of slice descriptors.

4. The method of claim 3, wherein whether the current
sequence of slice descriptors matches the reference
sequence of slice descriptors is determined by:

determining a current order of slice descriptors;
determining a reference order of slice descrip-
tors; and
comparing the current order of slice descriptors
to the reference order of slice descriptors.

5. The method of claim 4, wherein the current sequence
of slice descriptors is a current circular linked list of
slice descriptors and the reference sequence of slice
descriptors is a reference circular linked list of slice
descriptors, wherein:

the current order of slice descriptors is deter-
mined by traversing the current circular linked
list of slice descriptors starting at a current start-
ing node;
the reference order of slice descriptors is deter-

mined by traversing the reference circular linked
list of slice descriptors starting at a reference
starting node; and
the current sequence of slice descriptors match-
es the reference sequence of slice descriptors
when the current order of slice descriptors is the
same as the reference order of slice descriptors.

6. The method of claim 3, further comprising when the
current sequence of slice descriptors matches the
reference sequence of slice descriptors, estimating
an orientation of an object including one or more im-
age capture devices based on the current sequence
of slice descriptors and the reference sequence of
slice descriptors.

7. The method of claim 3, further comprising when the
current sequence of slice descriptors matches the
reference sequence of slice descriptors, estimating
a position of an object including one or more image
capture devices based on the current sequence of
slice descriptors and the reference sequence of slice
descriptors.

8. The method of claim 1, further comprising unwarping
the received omni-directional image data, wherein
the unwarped omni-directional image data is seg-
mented into the pluralityof image slices.

9. The method of claim 1, wherein:

the plurality of image slices includes a middle
image slice, a preceding image slice, and a sub-
sequent image slice, wherein a middle field of
view of the middle image slice is adjacent a pre-
ceding field of view of the preceding image slice
and the middle field of view of the middle image
slice is adjacent to a subsequent view of the sub-
sequent image slice; and
the current sequence of slice descriptors in-
cludes a preceding node corresponding to the
preceding image slice, a middle node corre-
sponding to the middle image slice, and a sub-
sequent node corresponding to the subsequent
image slice, wherein the preceding node is
linked to the middle node and the middle node
is linked to the subsequent node.

10. The method of claim 1, wherein each image slice of
the plurality of image slices is representative of an
equal portion of the panoramic field of view of the
omni-directional image data and the collective fields
of view of the plurality of image slices is the same
as the panoramic field of view of the omni-directional
image data.

11. The method of claim 1, wherein the slice descriptor
is calculated using an algorithm selected from the
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group consisting of: scale-invariant feature trans-
form, speeded up robust feature, histogram of ori-
ented gradients, generalized search tree, fast retina
keypoint, binary robust invariant scalable keypoints,
and stereo algorithms.

12. An omni-directional image data processing system
comprising:

one or more processors;
a non-transitory memory component communi-
catively coupled to the one or more processors;
and
machine readable instructions stored in the non-
transitory memory component that cause the
omni-directional image data processing system
to perform at least the following when executed
by the one or more processors:

receive omni-directional image data,
wherein the omni-directional image data is
representative of a panoramic field of view;
segment the omni-directional image data in-
to a plurality of image slices, wherein each
image slice of the plurality of image slices
is representative of at least a portion of the
panoramic field of view of the omni-direc-
tional image data;
calculate a slice descriptor for each image
slice of the plurality of image slices; and
generate a current sequence of slice de-
scriptors, wherein the current sequence of
slice descriptors includes the calculated
slice descriptor for each image slice of the
plurality of image slices.

13. The omni-directional image data processing system
of claim 12, further comprising one or more image
capture devices, wherein the omni-directional image
data is received from the one or more image capture
devices.

14. The omni-directional image data processing system
of claim 12, further comprising a data storage device,
wherein the machine readable instructions stored in
the non-transitory memory component further cause
the omni-directional image data processing system
to perform at least the following when executed by
the one or more processors:

access a reference sequence of slice descrip-
tors in the data storage device; and
determine whether the current sequence of slice
descriptors matches the reference sequence of
slice descriptors.

15. A robot comprising:

one or more processors;
one or more image capture devices communi-
catively coupled to the one or more processors;
a non-transitory memory component communi-
catively coupled to the one or more processors;
and
machine readable instructions stored in the non-
transitory memory component that cause the ro-
bot to perform at least the following when exe-
cuted by the one or more processors:

receive omni-directional image data from
the one or more image capture devices,
wherein the omni-directional image data is
representative of a panoramic field of view;
segment the omni-directional image data in-
to a plurality of image slices, wherein each
image slice of the plurality of image slices
is representative of at least a portion of the
panoramic field of view of the omni-direc-
tional image data;
calculate a slice descriptor for each image
slice of the plurality of image slices; and
generate a current sequence of slice de-
scriptors, wherein the current sequence of
slice descriptors includes the calculated
slice descriptor for each image slice of the
plurality of image slices.
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